Summary Excised apical frond primordia from three different Azolla species namely A. filiculoides, A. microphylla and A. pinnata in liquid culture gave whole rooted juvenile fern within 2 week culture in agar-solidified MS (Murashige and Skoog (1962) ) medium augmented with 0.03 mg/l kinetin in combination with 0.01 mg l Ϫl indole-3-acetic acid (IAA) and additionally 0.001 mg l Ϫl folic acid. Axenic ferns were multiplied through successive subculture of frond primordia. On transfer to a liquid N-minus (nitrogen minus) medium they grew with much reduced fronds and elongated roots showing a negligible biomass gain over a 12 week culture. Prolific growth was resumed following transfer to a modified liquid N-plus (nitrogen plus) medium contained in a fabricated aquariumstyled propagator. On comparison vis-à-vis the parental isolates with respect to biomass, chlorophyll content, total nitrogen content as well as the nitrogenase activity, such newly established cultures were identified to be devoid of the cyanobacterial symbiont. The Anabaena-free nature of these plants was further confirmed by enzymatic digestion of fronds. The implication of this investigation is discussed aiming at genetic improvement of this agronomically useful biofertilizer for rice cultivation.
The symbiotic relationship between a fresh water fern Azolla and a heterocystous nitrogen fixing cyanobacterium Anabaena azollae has resulted in an unique consortium which possesses a proven potential in contributing to the nitrogen fertility of the rice field (Watanabe et al. 1977 , Singh et al. 1982 . Consequently, this water fern has been extensively exploited as an efficient biofertilizer in rice cultivation in countries like China, India and Vietnam. Production of symbiontfree Azolla strains could provide an opportunity for comparison with the naturally occurring fern. Such a comparative analysis could contribute to the physiological understanding of the symbiotic process via studies on the nutritional interaction between Azolla and its N 2 -fixing symbiont. In addition, this could open up a possibility for introduction into symbiont-free Azolla of an Anabaena azollae strain endowed with a higher N 2 fixation ability, thus aimed at developing a genetically improved symbiotic Azolla-Anabaena biofertilizer for organic rice farming. Although naturally occurring symbiont-free Azolla have been reported, such cases are scarce. The early experimental reports claiming to produce Anabaena-free ferns included growing Azolla under conditions of environmental stress such as cold, low light and nutritional deficiency (Limburger 1925 , Huneke 1933 , using antibiotics (Nickell 1958 , Johnson et al. 1966 , Peters and Mayne 1974a , Ashton and Walmsley 1976 , or growing Azolla initially under a low light intensity (1250 lux) and changing to a higher light intensity (10,000 lux; Hill 1975 Hill , 1977 . Unfortunately, none of these methods yielded symbiont-free axenic Azolla fern cultures which are required for further in vitro genetic manipulations in order that the fern is rendered more efficient as a biofertilizer for sustainable rice cultivation. This paper presents a reproducible protocol for successful recovery of axenic Azolla ferns depleted of Anabaena through in vitro culture of meristems from frond apices, being naturally devoid of the algal symbiont. These have been compared vis-à-vis the mother stock of Azolla-Anabaena complex with respect to biomass, pigmentation, and nitrogen content as well as nitrogenase activity. The importance of such a finding is discussed in the context of genetic improvement of this agronomically important water-fern.
Materials and methods

Plant maintenance in semi-sterile condition
Azolla isolates belonging to three different species viz. A. filiculoides, A. microphylla and A. pinnata were obtained from the Central Rice Research Institute (ICAR, Govt. of India), Cuttack (India). These were maintained in 4 l of N-minus (nitrogen minus) growth medium (Watanabe et al. 1977) in gravel trays (18.25 cmϫ11 cmϫ3.25 cm) with a propagator lid of 6 cm high. Plants were grown in a growth chamber (SICO-IIC, Calcutta, India) fitted with incandescent bulbs (Philips, Bangalore, India) with photosynthetic photon flux density (PPFD) at bench level being 50 mmol m Ϫ2 s
Ϫ1
, with a 16 h photoperiod at 25Ϯ2°C and 80% relative humidity. The medium was replaced at a regular interval of 14 d. Routine inclusion of benomyl (1 mg l Ϫ1 ) in the medium was necessary to prevent fungal infection. Control of algal blooms was by the routine surface cleansing of all plants at monthly intervals using 1% (v/v) Domestos bleach (Lever Industrial Ltd., UK) for 446 Cytologia 73(4) K. B. Satapathy and P. K. Chand ).
In vitro culture of frond primordia
Frond apices (3-5 mm) were excised from healthy surface of plants maintained in the aforementioned semi-sterile condition. These were enclosed in a gauze draw-string bag (6 cmϫ10 cm) and washed under running tap water for 30 min prior to immersion in a solution containing 0.12% sodium hypochlorite plus 0.01% Triton X-100 for 30 min. Following treatments frond apices were rinsed 6 times in sterile tap water and primordia (0.4-0.6 mm), freed of leaves, were aseptically excised under a dissecting microscope. Primordia were cultured in 5 cm diam Petri dish (2-3 explants/dish) each containing 3 ml semi-solid (0.7% w/v agar-solidified) nutrient medium with 3% w/v sucrose, vitamins and fortified with various cytokinins [Kin (kinetin), BA ( 6 N-benzyladenine), 2-iP (isopentenyl adenine) or ZR (zeatin riboside)] at different concentrations ranging from 0.01-0.1 mg l Ϫ1 either individually or in combination with auxins [IAA (indole-3-acetic acid), IBA (indole-3-butyric acid), IPA (indole-3-propionic acid) or NAA (a-naphthaleneacetic acid)] ranging 0.01-0.1 mg l
Ϫ1
. Three different basal formulations as MS (Murashige and Skoog 1962) medium, B 5 (Gamborg et al. 1968 ) medium and BL (Blaydes 1966 ) medium were tried. After 2 weeks of culture frond primordia from regenerated whole plants were transferred to 300 ml screw-capped glass jars (Excel Corporation, Alleppey, Kerala, India) containing 0.7% w/v agar-solidified medium of the optimised composition (2-3 primordia/20 ml). The fern cultures were multiplied thrice through successive subculture of frond primordia at 2 weeks intervals. Subsequent cultures were in growth regulator-free unagitated N-minus liquid medium (Watanabe et al. 1977) . This involved the excision of 5-6 healthy frond apices from axenic plants in semi-solid cultures, each possessing 2-3 leaves, and transferring these to 50 ml autoclaved medium in 250 ml Erlenmeyer flasks. Following a culture period of 12 weeks, whole rooted plants were transferred to a suitably modified N-plus (nitrogen plus) liquid medium and thereafter placed in a fabricated multi-glass jar unit that was assembled of three glass containers, interconnected by means of rubber tubings. Aeration was provided to 2009 
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In vitro regeneration of Anabaena-free Azolla ferns growing Azolla plants as filtered air bubbled through the autoclaved liquid medium contained in the largest glass jar (2 l capacity). The whole set-up was portable and autoclavable with a provision for change to fresh media every 2 weeks. Cultures were maintained in a controlled microenvironment (25Ϯ2°C, 16 h photoperiod, 50 mmol m Ϫ2 s
Ϫ1
).
Estimation of growth and physiological parameters
For biochemical analysis, naturally occurring Azolla or axenic cultures, were grown as 1.0 g blotted fresh frond per beaker (1 l capacity) each containing 500 ml culture medium (N-minus/Nplus). Cultures were kept for 12 weeks inside the growth chamber. Fronds were harvested and re-inoculated at 2 weeks intervals. Biomass in terms of fresh matter was estimated by weighing the harvested fern after blotting on a Whatman No. 1 filter paper. The dry matter was determined by keeping 5.0 g of sample in the hot air oven at 70°C for 8 h. Chlorophyll content (mg g Ϫ1 f.wt.) of the plant was determined following the method of Yoshida et al. (1976) . The modified Kjeldahl method (Jackson 1967 ) was followed for determination of total nitrogen content expressed as percentage of dry tissue. Nitrogenase activity was estimated as per Stewart et al. (1968) and expressed as nmol C 2 H 4 g Ϫ1 f.wt.h
Ϫ1
. Estimations for Azolla biomass and chlorophyll content were recorded after a total 12 weeks culture period whereas N-content and nitrogenase activity were estimated at 2 weeks intervals. Data were analysed using 'ANOVA' for a Completely Randomised Design (CRD). Duncan's New Multiple Range Test (DMRT) was used to separate the means for significant effect (Gomez and Gomez 1984) .
Results and discussion
Regeneration of whole ferns via in vitro culture of frond primordia
Being a hydrophyte Azolla is prone to algal competitors and fungal invaders. This necessitated maintenance of Azolla species in a semi-sterile liquid condition so as to provide a clean starting source of explant inoculum. Proliferation of frond primordia, microscopically dissected from surface-disinfected shoot apices, failed to occur in in vitro culture media lacking growth regulators. A cytokinin supplement was essential for stimulation of sprouting. Of three different agar-solidified basal salt media evaluated, each containing 3% sucrose and growth regulator(s), MS was most responsive. Fronds were proliferated in MS fortified with each of the cytokinins in all concentrations tested. However, a combination of 0.03 mg l Ϫ1 Kin with 0.01 mg l Ϫ1 IAA with an additional vitamin B (0.001 mg l Ϫ1 folic acid) augmented to MS was the best which resulted in development of whole rooted juvenile ferns in 100% cultures within 2 weeks (Fig. 1A) . These axenic fern cultures were capable of vigorous proliferation following multiplication through periodic subculture of frond primordia in the aforesaid medium in screw-capped glass jars (Fig. 1B) . However, when frond apices from such regenerated axenic ferns were transferred to the liquid N-minus medium (Watanabe et al. 1977 ) these grew at a markedly slower rate as compared to the mother culture source from which the shoot apices were initially excised for in vitro culture. The plants were compact with much reduced frond sizes (0.6-0.8 cm 2 ) but possessed profuse elongated roots (4-6 cm, Fig. 1C , Table 1 ). The negligible increase in biomass over a period of 12 weeks coupled with a low chlorophyll content (Table 1) was indicative of a metabolic defect in these plants. These slow growing ferns were reinoculated into the modified N-plus liquid medium composed of MS macro-and micro-nutrients augmented with ferric citrate (1.2 mg l
Ϫ1
) and vitamins (1 mg l Ϫ1 thiamine HCl, 1 mg l Ϫ1 pyridoxine HCl, 1 mg l Ϫ1 nicotinic acid, 1 mg l Ϫ1 calcium d-pantothenate, 0.01 mg l Ϫ1 biotin and 0.001 mg l
folic acid) but without sucrose, myoinositol or growth regulators, where they resumed prolific growth and attained a frond size of 1.3-1.7 cm 2 within a week of culture (Table 1) . There was also a remarkable gain in fresh weight and in chlorophyll content. The specially designed multi-glass jar unit with provision for aeration and periodic replenishment of culture media was particularly suit-able for culturing these axenic ferns (Fig. 1D) . Such a fabricated aquarium-styled growth chamber can serve an ideal habitat for in vitro-raised Azolla ferns to ensure their long-term maintenance required for further biotechnological exploitation.
The growth of naturally occurring Azolla in the presence of inorganic N-fertilizers was reported to decline (Singh 1977) . Becking (1979) and Watanabe et al. (1977) reported the reduction in fresh matter yield to 34% and 35% respectively by the introduction of NH 4 NO 3 . Such reductions were ascribed partly to the competition and interference with green algae which developed profusely in trays in the presence of combined N (Becking 1979) . Lumpkin and Plucknett (1980) opined that N-fertilizers per se (barring urea) did not have a direct adverse effect on the Azolla growth but they stimulated competitions from other organisms especially green algae. In the present investigation, the reduction in biomass of the parental Azolla isolates was relatively less (12-14%, data not shown), perhaps because the bio-clean culture conditions did not permit algal invasion.
Total nitrogen content and nitrogenase activity
In the medium deprived of nitrogen source the mother Azolla isolates displayed an overall constancy in the total nitrogen content throughout the culture period of twelve weeks ( Table 2 ). The constancy could be due to continued nitrogen fixation despite the absence of provisions for N-uptake from the medium. On the other hand, the total N-content of the axenic Azolla ferns regenerated from in vitro cultures was greatly repressed and followed a gradual retrogressive trend during the 12 weeks period of culture in the same medium. Perhaps, this was because of lack of nitrogen fixation in these regenerated ferns. Following 12 weeks culture in N-minus medium when such axenic ferns were transferred to the medium supplemented with nitrates (N-plus medium), they resumed vigorous growth and within the first 2 weeks culture they accumulated a much higher (ca. 4 fold) N-content which was comparable to that of respective mother isolates. This marked increase in N-content in the first 2 weeks might be due to the enhanced uptake of nitrogen from the new medium; perhaps because these ferns had been growing earlier in a nitrogen-starved condition for 12 weeks prior to transfer to N-plus medium. Thereafter, when the media was replenished at every 2 weeks intervals there was a constancy maintained throughout upto the end of the 12th week. This trend held good for all the three Azolla species tested. Although, initially the combined-N had no detectable detrimental effect on the N-content of the mother isolates, during the later weeks these experienced a gradual reduction in N-content. This decrease in N-content in symbiont-containing Azolla could be due to a stress condition in the presence of nitrates and a resulting concomitant decline in N 2 fixation. The introduction of combined N was reported to reduce the total N-content to 43% and 42% of control using NO 3 Ϫ -N (Becking 1979) and NH 4 ϩ -N (Watanabe et al. 1977) respectively. Of course, this reduction was partly ascribed to the competition and interference with green algae contaminating the cultures (Becking 1979) . It was interesting to note from our experiments that by the end of the 12th week of culture, the N-content of both axenic and parental ferns were comparable regardless of Azolla species examined (Table 2 ). This could be due to a comparable biomass as well as the inherent lack of nitrogen fixation capacity of axenic ferns and the repressed N 2 -fixation in the mother isolates because of the presence of combined-N (nitrates) in the medium.
These observations subscribed to the suspicion that these newly established water ferns regenerated from in vitro culture had either lost their ability to fix nitrogen or possessed a much depressed N 2 -fixation capacity. The light microscopic observations of squashed fronds failed to reveal the presence of the cyanobacteria. Further confirmation as to the absence of the symbiont was obtained when these plants did not release even the traces of Anabaena filaments following enzymatic digestion using 0.05-0.5% (w/v) Macerozyme R-10 (Yakult Honsha Co. Ltd., Japan) as contrast to the mother isolates. In order to correlate the growth performance with the physical absence of the cyanobacterial symbiont, the nitrogen fixing ability of such axenic plants was compared with that of the parental stock of the respective species. The striking difference in nitrogen fixation was explicit when the nitrogenase activity was compared in both N-minus and N-plus conditions ( ). This would immediately imply that the axenic ferns inherently lacked the ability of fixing nitrogen perhaps because they were devoid of the N 2 -fixing phycobiont Anabaena azollae.
In addition to serving as a suitable fish or poultry feed, such aseptically generated whole Azolla plants, freed of Anabaena azollae, could provide an ideal starting material for further genetic manipulation. Investigations (Satapathy and Chand, unpublished) have already been successful in fusing isolated protoplasts from different naturally occurring species of Azolla harbouring the symbiont. Further efforts to culture the protoplasts and heterokaryons were, however, severely jeopardised by the persistence of Anabaena and bacteria contaminating the protoplast populations. Thus, symbiont-free plants raised by the in vitro culture method, as described in this paper, could be a suitable source for obtaining axenic protoplast population to be used as fusion partners. Pure cultures of Anabaena strains endowed with a higher potential for N 2 fixation could then be inoculated into somatic hybrid calli undergoing organogenesis. Success with such an Azolla biotechnology programme involving inter-specific somatic hybridization via protoplast fusion would ensure combination of high biomass production and high nitrogen fixing ability as that of temperate A. filiculoides with environmental stress tolerance of tropical A. pinnata or A. microphylla. This would be one of the approaches that could genetically upgrade this important biofertilizer for enhancing rice production.
